Pulmonary vascular disease (PVD) was assessed by a qualitative and quantitative histopathologic analysis of lung specimens of 40 patients (age at autopsy 5 days to 12 years, median 3 months) with total anomalous pulmonary venous drainage. A PVD index was derived by counting the number of vessels with each Heath-Edwards grade of PVD (PVD index = [0 (N normal) +1 (N grade 1) +2 (N grade 2) .... +6 (N grade 6)1/number of vessels graded, where N = the number of patients) in randomly selected pulmonary resistance vessels 30-300 m in diameter. Patients with pulmonary venous obstruction died earlier and had a higher PVD index as a group than patients with unobstructed venous drainage. A remarkable degree of advanced pulmonary vascular changes was found in the entire group, even young infants. Pulmonary vascular obstructive disease is an important factor in the pathophysiology of this lesion. Careful attention to the prevention and management of increased pulmonary vascular resistance in the postoperative period may improve survival.
THE INFANT with total anomalous pulmonary venous drainage (TAPVD) has always presented a diagnostic and therapeutic challenge to the cardiologist and the surgeon. The natural history of this lesion indicates a high mortality in the first year of life, especially during the first few months. ' 3 In several surgical series of this congenital cardiac anomaly,4 the highest mortality was in infants younger than 1 year of age, with increasing surgical success in the older infants and children. Various reasons have been cited as likely causes for the higher surgical mortality in the younger infants, including pulmonary congestion resulting from heart failure,1-2 elevated pulmonary vascular resistance," 2, 5, 8 the small size of the left atrium6 and left ventricle,9 and the critical condition of many infants at the time of surgery.5' In this study, we examined the pulmonary vascular bed in patients with TAPVD and evaluated its significance as a factor in postoperative survival and early mortality without surgery.
Materials and Methods
The study group consisted of 40 patients with TAPVD seen at the Children's Memorial Hospital in Chicago from 1951-1976. The patients were studied retrospectively, with the criterion for selection being an autopsy examination. The patients were not seen consecutively because the study does not include sur-vivors and therefore does not represent all patients with TAPVD. The ages at death ranged from 5 days to 12 years, (median 3 months). The different anatomic types of anomalous venous drainage and the presence of pulmonary venous obstruction are listed in table 1.
Pulmonary venous obstruction was diagnosed by the following: the two patients with the mixed type of drainage had marked stenosis or functional atresia of two pulmonary veins, one of the three patients with drainage from the left vertical vein to the innominate vein had a pressure gradient of 10 mm Hg between the vertical vein and the right atrium, and two had pulmonary artery wedge pressure-to-right atrium gradients of 12 and 28 mm Hg. All patients whose pulmonary venous blood drained through the liver or portal system were also considered to have venous obstruction.
Twenty-six patients had cardiac catheterization with measurement of right ventricular or pulmonary arterial blood pressures (table 2). The younger infants were unsedated, and the older infants and children were sedated with a mixture of demerol, phenergan and sparine, or with morphine sulfate alone. Twenty of the patients were described as stable and in good condition during the cardiac catheterization, while six were in poor condition and unstable during the study. We could not calculate reliable pulmonary vascular resistance values because oxygen consumptions were not measured and pulmonary venous pressures and blood samples for oxygen determination were not obtained in all cases.
Twenty-three patients underwent surgery to correct the TAPVD, and 17 patients died without surgery, 16 with severe congestive heart failure and one with severe cyanosis and bradycardia. The time of death of operated patients was as early as intraoperatively and as late as 6 months postoperatively (median 12 hours postoperatively).
Lung sections obtained at autopsy were examined under light microscopy for pulmonary vascular disease (PVD) and graded according to the Heath-103 Edwards'0 classification. The grade assigned was the highest grade found, even if it was present in only a few vessels. In an attempt to better define not only the degree but also the extent of pulmonary vascular involvement, the pulmonary vascular changes were quantitated in 38 of the 40 patients (technical reasons prevented reliable vessel counts in two patients) using a derived PVD index. The index was calculated using the following formula:
O(N normal) + 1 (N grade 1) + 2 (N grade 2) ... + 6(N grade 6) number of vessels graded where N = number of vessels with Edwards grade of PVD. each Heath- tLarge patent ductus arteriosus (0.9-cm diameter) tValvar and infundibular pulmonic stenosis.
Abbreviations: cath = cardiac catheterization; D = diastolic blood pressure; LVleft ventricle; M = mean blood pressure; PA = pulmonary artery; PVD = pulmonary vascular disease; RV = right ventricle; S = systolic blood pressure; SA = systemic artery. Approximately 100 (range 51-179, median 101) randomly selected vessels 30-300 ,u in diameter were graded for each patient; only vessels seen on a cross section in which the grade could be clearly decided were selected. Grade 1, medial hypertrophy, was considered present when the width of the media was 10% or more of the diameter of the vessel seen on cross section, as previously described." This value is twice that reported by Wagenvoort12 as indicating true hypertrophy of the media. This higher value was used because there is vessel constriction after death if the lung is not fixed in a distended condition, and this would tend to make the media appear relatively thicker. There is some degree of constriction present even if the lungs are fixed while the pulmonary arteries are perfused at a mean pressure equal to that present during life (Newfeld E: unpublished data), but the higher value was used to lessen any subjective error. In fact, most of the vessels classified as grade 1 had media over 15% of the vessel diameter. Grade 2 indicated circumferential cellular intimal hypertrophy. Focal cellular intimal lesions were considered to represent organized thrombi.'3 Grade 3 represents circumferential laminar intimal fibrosis, and vessels that were in transition from grade 2 to grade 3 were designated grade 3. Only plexiform lesions were counted as grade 4, as it was not always possible to distinguish grade 4 dilated thin-walled vessels from dilated normal vessels. This represents a possible source of error in calculating the PVD index, making it lower than it actually was. When plexiform lesions were present, the thin-walled vessels were not used in determining the PVD index, thereby excluding some possibly normal vessels and some grade 4 dilated vessels. No patients in this study had grade 5 or 6 changes.
Results

Anatomic
The anatomic variatiQns of the anomalous pulmonary venous pathways are listed in table 1. As in other reported series, -3 the supracardiac drainage to a left vertical vein to the innominate vein was the most common type found. Anatomic pulmonary venous obstruction was present in 14 patients (35%). Associated intracardiac defects, excluding patent ductus arteriosus (PDA) in the neonates, were found in eight of 40 patients (20%). They included muscular ventricular septal defect in one, infundibular and valvular pulmonic stenosis in one, pulmonary atresia and common atrioventricular canal in one, "L" transposition of the great vessels, common atrium, pulmonary atresia and asplenia syndrome in one, coarctation of the aorta in one and a large PDA in three patients, ages 12 years, 3 months, and 1 month (PDA ligated at 1 month, patient died age 19 months). Three patients had upper airway obstruction caused by tracheal stenosis resulting in respiratory difficulties, and six patients had imperforate anus. Histologic Figure 1 shows the highest grade of PVD found in each patient, graphed according to age at death. Patients with pulmonary venous obstruction died at an earlier age. We found grade 2 changes (cellular intimal hypertrophy) at 1-2 weeks of age, grade 3 (occlusive intimal fibrosis) changes at 1 and 3 months, and grade 4 changes (plexiform lesions, fibrinoid necrosis) at 6 months of age ( fig. 2C ). Most of the patients in the study, but especially those with pulmonary venous obstruction, had involvement of the pulmonary veins with medial hypertrophy and intimal hypertrophy and fibrosis. Thrombotic occlusion of small pulmonary arteries was found in some patients. Most most vessels having grade 1 and 2 or greater. Twelve of 14 patients (86%) with pulmonary venous obstruction had a PVD index above 1.25, and only nine of 24 patients (38%) without pulmonary venous obstruction had a PVD index above that level. These differences were significant at the p = 0.01 level using a chisquare contingency table analysis.
Hemodynamic Twenty-six patients underwent cardiac catheterization (table 2) . All patients with pulmonary venous obstruction had pulmonary arterial or right ventricular blood pressures at systemic or suprasystemic levels. Significant pulmonary arterial hypertension was also found in 12 of 13 patients without evidence of pulmonary venous obstruction.
All patients with subdiaphragmatic drainage had pulmonary venous obstruction. All patients with this type of drainage who underwent cardiac catheterization also had severe pulmonary hypertension. Only one of 26 patients who had cardiac catheterization had a normal pulmonary arterial blood pressure, and that patient had severe valvular and infundibular pulmonic stenosis. One patient with unobstructed drainage to the superior vena cava had suprasystemic pulmonary arterial blood pressure, grade 4 PVD and a PVD index of 2.55, and an associated large PDA (9-mm diameter) at 12 years of age.
One infant had suprasystemic pulmonary arterial blood pressure at cardiac catheterization done at 15 hours of age, associated with subdiaphragmatic drainage. Successful intracardiac repair was performed on the first day of life, and repeat cardiac catheterization at 1 month of age showed that the pulmonary arterial blood pressure had fallen to 40% of systemic pressure (table 2) . Subsequently, progressive fibrous occlusion of the pulmonary veins developed, and at a third cardiac catheterization at 6 months of age, the pulmonary arterial blood pressure had again risen to suprasystemic levels. Repeat surgical correction was attempted, but the patient died on the tenth postoperative day; autopsy revealed extensive grade 4 PVD ( fig. 2C ) a PVD index of 2.6, and marked intimal fibrosis of the pulmonary veins. The grade of PVD found at autopsy did not correlate well with the pulmonary/systemic systolic blood pressure ratio at cardiac catheterization ( fig. 4 ). Six patients with grade 2 as the maximal grade had pulmonary arterial blood pressure greater than systemic levels, and higher than in five patients with grade 3 and 4 changes. A similar comparison was made using the PVD index ( fig. 5 ). Twelve of 13 patients with suprasystemic pulmonary artery blood pressure had a PVD index greater than 1.25, while four of five patients with less than systemic pulmonary artery pressure had PVD indices less than 1.25. These differences were significant at p = 0.008, using the Fisher exact probability test. These values reflect the extent of occlusion of the pulmonary vascular bed (i.e., the percentage of vessels with occlusive changes), which results in the high pulmonary arterial blood pressures, rather than just the degree, which is reflected by only considering the maximal grade of PVD found.
Discussion
In a report of improved results for surgery of TAPVD in infancy, Gersony et al. 5 need for intensive perioperative support of these infants, as well as the need for prompt surgical treatment once the diagnosis is made. They mentioned pulmonary arteriolar obstructive disease as an important factor in the mortality associated with this lesion. Higashino et al.7 also emphasized the need for early diagnosis and surgery, and the intensive perioperative support required for these critically ill infants. In a large series of patients operated for TAPVD, Wukasch et al.8 noted a high mortality in infants operated before 1 year of age, and suggested that survival was closely related to the degree of increased pulmonary vascular resistance. Gome et al., 4 in an earlier study, also found that surgical mortality was highest in the infants younger than 1 year of age. Parr et al. 6 found low cardiac index values in infants after repair of TAPVD, and suggested that a small left atrium is a limiting factor in the current surgical management. Whight et al.,9 however, did not find small left atrial volumes after repair of TAPVD, and suggested that a small left ventricular volume may have contributed to some operative and postoperative deaths. They also found progressive pulmonary vein stenosis postoperatively as an important cause of late deaths. Haworth . 107 c with TAPVD, but noted a marked increase in arterial muscularity and "arterialization" of the pulmonary veins. They did not, however, mention any intimal changes or other more advanced PVD in these infants.
The findings in the present study indicate a marked degree of advanced pulmonary vascular changes, even in infants who die within the first few weeks or months of life. Twelve of 13 infants 4 weeks of age or younger had intimal changes in the pulmonary resistance vessels, and four of 13 had occlusive intimal fibrosis (grade 3) ( fig. 1) . Plexiform lesions and extensive intimal fibrous occlusion of vessels by 6 months of age attest to the rapidity with which obstructive vascular disease can occur, especially in the presence of pulmonary venous obstruction. Longitudinally oriented smooth muscle fibers were a common finding, and added to the hypertrophied circular smooth muscle fibers to produce marked thickening of the muscular layer of the vessel wall ( fig. 2D ). Wagenvoort"1 suggested that these longitudinal muscle bundles are only found in the presence of long-standing severe pulmonary hypertension, and we have not found them to be as common in other congenital cardiac defects associated with pulmonary hypertension.", 16, 17 The inclusion of three children who had a hemodynamically significant PDA introduces an additional factor known to influence the development of PVD. In the 12-year-old child who developed grade 4 PVD and a PVD index of 2.55, the 9-mm diameter PDA could have been the major factor causing pulmonary vascular changes. However, PDA does occur as an important associated lesion and these patients were included to emphasize the fact. The patient with pulmonic stenosis was included for the same reason, as his pulmonary vessels were all normal. Upper airway obstruction, noted in three patients, can also influence the pulmonary bed, and in two of the three patients in whom catheterization data were available, the pulmonary artery pressures were equal to or greater than systemic levels, and the PVD indices were 1.5 and 1.7. Pulmonary venous obstruction was present in one and absent in two, and they all had grade 2 PVD.
The patients in this study were selected because an autopsy was performed, and therefore represent a group with severe disease. As indicated in table 2, 25 of 26 patients who underwent cardiac catheterization had severe pulmonary hypertension. Seventeen of the 40 patients (43%) died in severe congestive heart failure before surgery could be performed. The other patients died either immediately before operation or several days or weeks later. The degree of PVD found in this group of patients is therefore not representative of that in all patients with TAPVD, because many infants survive surgery, and postoperative cardiac catheterizations do not reveal pulmonary hypertension in most patients. Also, many factors other than PVD influence postoperative survival in young infants.4 9 Still, the remarkably advanced changes found in these infants indicate that PVD can play an important role in their survival. Although the selection bias of this study (i.e., autopsy) does not permit us to draw firm conclusions about the lethality of this lesion, a review of the clinical status of 42 consecutive patients with TAPVD between 1967-1978 is of some interest. Some of these 42 patients are included in the present study, and the survivors are not included. Of 15 infants with subdiaphragmatic drainage, only two were still alive postoperatively in 1978, and of 27 with supradiaphragmatic drainage (of a variety of types), only 14 were still alive in 1978.
Intimal hypertrophy and fibrosis of the pulmonary veins were a common finding in patients with pulmonary venous obstruction, which occasionally made it difficult to distinguish pulmonary veins from arteries. The findings of these vascular changes in neonates make it possible that some changes were present prenatally, although Haworth and Reidl4 did not conclude that the changes they observed occurred before birth. Experimental work with fetal lambs has shown that the pulmonary vascular bed can be altered in utero by producing pulmonic stenosisl8 and coarctation of the aorta. 19 The PVD index values ( fig. 3 ) more clearly reveal the anatomic and probable physiologic handicap that these infants must overcome in order to survive the perioperative period. As the changes in the pulmonary arteries become progressively more advanced, more of the pulmonary resistance vessels undergo reduction in their effective lumen. The linear relationship between the grade of PVD and the degree of luminal reduction of the pulmonary vascular bed is illustrated in table 3. If we consider that grade 2 changes (cellular intimal proliferation) and grade 3 changes (circumferential intimal fibrosis) and grade 4 changes (plexiform lesions, intimal and medial destruction and vascular dilatation) all cause more luminal obstruction than grade 1 changes (medial hypertrophy), as each successive grade is reached, more of the total vessels are becoming occluded. Patients with maximum grade 2 had a mean of 33% of their vessels with that grade. Patients with a maximum grade 3 had a mean of 56% of their vessels with at least grade 2 changes, and when grade 4 is reached over 75% of the vessels counted had grade 2 changes or greater. The Spearman correlation coefficient is 0.6464, p < 0.001. Eleven of 16 infants (69%) 6 weeks of age or younger had index values of 1.25 or greater, indicating that most of their pulmonary resistance vessels had muscular medial hypertrophy (grade 1) and intimal hypertrophy or fibrosis (grade 2 or 3). These changes partially occlude the pulmonary vascular bed and thereby raise pulmonary vascular resistance,20 and these vessels are capable of further vasconstriction in response to stimuli such as hypoxia, hypercarbia and acidosis, which commonly occur in the perioperative period in these infants. For these reasons, careful attention to postoperative acid-base balance and ventilatory support as described by Gersony et al.' probably helped to lower the surgical mortality in this infant group. In addition, it is important to avoid fluid overload and pulmonary congestion.
The use of an indwelling pulmonary arterial 108 CIRCULATION catheter through which thermal dilution cardiac output determinations and blood pressure measurements can be made, mixed venous blood samples obtained and therapeutic agents introduced can be a useful postoperative tool in these infants. Direct injections of pulmonary vasodilators such as tolalozine into the pulmonary artery may be useful in the management of pulmonary arteriospasm, both acutely and chronically, although the use of this agent is not without risk, and gastric and duodenal ulceration and perforation have occurred secondary to the increased gastrointestinal secretions it can cause. Some infants with obstructed TAPVD may have pulmonary vascular changes that preclude postoperative survival despite excellent operative and perioperative techniques. The late occurrence postoperatively of progressive fibrous occlusion of pulmonary veins, as described by Whight et al.,9 was also found in one patient in the present study and suspected from cardiac catheterization studies in several patients not included in this study because permission for postmortem examination was not granted. This complication can only be detected before death by careful reassessment and follow-up of patients with TAPVD after surgery. Repeat cardiac catheterization, with selective pulmonary artery wedge pressure measurement and angiography, should be done on all patients after surgical correction of TAPVD if clinical findings suggest any residual abnormalities or reappearance of pulmonary venous obstruction.
